High-affinity potassium uptake in Neurospora occurs by symport with protons [Km (apparent) = l5,uM at pH 5.8], for which a large inward gradient (-400 mV) is generated by the H+-extruding ATPase of the plasma membrane. Operating in parallel, the two transport systems yield a net 1:1 exchange of K4 for cytoplasmic H+. Since this exchange could play a role in cytoplasmic pH (pHj) regulation, the coordinated functioning of the K+-H+ symport and H+ pump has been examined during acid stress. Cytoplasmic acid loads were imposed by injection and by exposure to extracellular permeant weak acid. Multibarrelled microelectrodes were used to monitor membrane potential (Vyi), pHi, and the current-voltage (I-V) characteristics of the cells. The behaviors of the H4 pump and K+-H+ symport were resolved, respectively, by fitting whole membrane I-V curves to an explicit kinetic model of the Neurospora membrane and by subtracting I-V curves obtained in the absence from those obtained in the presence of 5-200 ,uM K4 outside. Proton pumping accelerates nearly in proportion with the cytoplasmic H4 concentration, but pHi recovery from imposed acid loads is dependent on micromolar K4 outside. Potassium import via the symport leads to a measurable alkalinization of the cytoplasm in accordance with stoichiometric (1:1) K'/HI exchange. Potassium transport is accelerated at low pH1, but in a manner consistent with its inherent voltage sensitivity and changes in V. resulting from an increased rate of H4 extrusion by the pump. The primary response to acid stress thus rests with the H4 pump, but K+ transport introduces an essential kinetic "valve" that can regulate net H4 export.
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A feature common to all living cells is the ability to maintain cytoplasmic pH (pHi) nearly constant in the face of a continuous acid load. Normal metabolic processes ensure that most cells are net acid producers (1) . In the short term and for small acid loads, chemical buffering of proteins and other cytoplasmic components will stabilize pHi; but in the long term, metabolic acid production implies cellular mechanisms for net export of H+.
In animal cells, for which membrane transport is coupled primarily to Na4 gradients generated by the Na+/K+-ATPase, acid export generally is accomplished by transportmediated exchange of Na+ for H4 and Cl-for HCO- (2) . By contrast, the transport economies of eukaryotic cells with walls and of prokaryotes are generally based on the electrochemical potential difference for protons (7'H+), a fact that has fueled arguments (3) that primary H4 pumps could regulate pHi. Conceivable, too, are circumstances in which "the demonstrated task of maintaining a large /H+ and the postulated task of regulating pHi could not be accomplished by the same ion pump" (4) . In fact, it is now known that bacteria control pHi via membrane transporters that are distinct from the proton pumps (5, 6) . For plants and fungi, the notion that H' pumping alone can account for pHi control remains at issue (7) (8) (9) . In the best documented example, Neurospora, acid loading stimulates the H' pump, but pump activity does not appear essential for stabilizing pHi (8) . The situation is complicated further by widespread observations of net H' export associated with K4/H' exchange and its stimulation under acid stress in higher plants (10) , algae (11) , and yeast (12) . Cytoplasmic alkalinization is frequently (13, 14) though not always (15) observed during K+ uptake, at least with 10-100 mM extracellular K+ (Ks). K4/H' exchange is most evident, however, in cells partially depleted of K+. These cells exhibit low values for pHi (16) and apparent Michaelis constants of tkM for K+ import (10, 17 Recently, a high-affinity transport system was identified in Neurospora that carries K+ inward in cotransport with H+ (19) , analogous to one bacterial system (20) . Transporter activity was observed after a period of K+ starvation, and the porter was capable of supporting cytoplasmic K4 levels of 60-100 mM with 2-10 ,uM K'. Charge balance was maintained by the electrogenic H4 pump, giving rise to a net exchange of K' for intracellular H4 (Hr) as measured extracellularly. The possibility that such a K+-H+ symport could account for much of the K4 transport behavior of higher plants, algae, and fungi raises the issue of its role in regulating pHi. In this paper we examine the relationships between pHi, K+-H+ cotransport, and the H+ pump in Neurospora, with emphasis placed on the physiological consequences of cytoplasmic acid loading. Our (19) . Acetate, when present, was added as the free acid titrated to pH 5.8 with Ca(OH)2.
Electrodes, pH Measurement, and H' Injection. Multibar- relled microelectrodes were manufactured and used as previously described (22) . For pHi measurements, three-barrelled electrodes were made to include one barrel containing tri-(n-dodecyl)amine, a pH-sensitive, ion-exchanger (Fluka, Buchs, Switzerland). Polyvinyl chloride (10% wt/vol) stabilized the exchanger against cell-turgor pressure. Calibrations were carried out in 20 mM sodium phosphate buffers with (and without) 50 mM KCl. Electrodes were selected that gave >54 mV per pH unit (pH 5-8) and 90% response times < 15 s. The remaining two barrels were filled with 50 mM KOAc (pH 7.1) and were used for voltage-clamping and recording. For H+ injections four-barrelled electrodes were used, of which one barrel was filled with 10 mM H2SO4 and one with 20 mM KOAc. These barrels were connected by Ag-AgClJKCl half cells to a custom-made iontophoresis unit.
Current-Voltage (I-V) Measurements and Kinetic Analysis. The I-V characteristic of the plasma membrane was determined by computer-controlled voltage clamp using the twoelectrode method. I-V curves obtained with and without K+ were used to obtain the difference [AI-VI curves for K+-H+ cotransport by current subtraction over the entire voltage span (26) . Ionic (chemical) fluxes occurring in non-voltageclamped cells could be referenced directly to the current difference at Vm in K+. In addition, I-V curves recorded in the absence of K+ were decomposed into "pump" and "leak" components, assumed to function electrically in parallel (4, 24) . The nonlinear leak was described empirically by a composite Goldman relation defined by a "permeability" (PL) and an equilibrium potential (EL). The H+ pump was represented as a three-state carrier cycle in which all reaction steps not directly associated with membrane charge transit or H+ binding were lumped together. Hence, the pump (carrier density N) comprised three pairs (forward and backward) of reaction constants, two each describing membrane charge transit (k12, k21), H+ loading/unloading (k31,k13), and the lumped voltage-independent steps (K23, K32). Voltage dependence was assigned to a symmetric Eyring barrier (21) so that k12 = k7°2exp(zFVm/2R1) and k21 = kO21exp(-zFVm/2R7), where kO2 and k21 are the rate constants at zero membrane potential (Vm = 0) and z (=1), F, R, and T have their usual meanings. Full equations for the total membrane (im), leak (i), and pump (ip) currents were im = ip + iL, [1] where and Ci is the intracellular concentration of a putative leakage then could be compared with indeF cation.
tional estimates of 8 by using the [3] pendent and more conven- (Fig. 4) .
By contrast, fitting whole membrane I-V curves taken in Kg-free buffer to Eq. 1 showed a marked displacement of the pump I-V characteristic, which recovered during K+ exposure (Fig. 5) . Especially satisfying was the fact that the best fittings in this and three other experiments (also two cells acid-loaded with acetate) were obtained by varying one tEstimates of HI diffusion based on electrode geometry and resistance (27, 28) suggested a leakage rate of0. 1-0.2 fmol s-1, for which the backing current [1.6 feq s-1 (eq = equivalents)] would have compensated amply. However, pump I-V curves in this and one other experiment indicated a slow decrease in pHi initially after K: removal (see also Fig. 1 ). Since K:j accelerates HI extrusion and hence ATP consumption by the HI pump, one likely source of acid is metabolic CO2. Nonetheless, recovery from HI injection was greatly accelerated by micromolar K:. b-a, c-d , e-f) using 4th-order spline interpolation of the data sets in Fig. 3 . Failure of the curves to cross the voltage axis at the symport equilibrium potential (about -85 to -50 mV) is a consequence of subtraction and does not affect interpretation of the curves at more negative potentials (26 pace with large proton loads (see Fig. 3 Inset). Then, too, the leak itself may reflect a finite conductance to H' (29) . So, accelerating the pump might do little more than increase the rate of H' return via the leak.
By contrast, linking current circulation through the pump with K+-H' cotransport clearly is a successful means to cope with acid stress for at least three reasons. First and foremost, the K+-H' symport defines an "open circuit" in proton circulation through the membrane; parallel operation of symport and pump yields net H' export (K+/H' exchange), even though K+ uptake is coupled mechanistically to H' reentry. Second, the symport is strongly depolarizing. In the presence of micromolar K+, Vm is shifted far positive and, consequently, the H' pump is less compromised by its own voltage sensitivity. The relationship between pump and symport is still more subtle, however, and the third point relates to the voltagedependence of K+-H+ cotransport itself. Membrane potential exerts its most pronounced effects on pump and symport over the same voltage range, but the two currents are inversely related: increasing Vm (negative) increases symport current. Furthermore, symport current is a nonlinear function of voltage; symport conductance increases with negative voltage (the maximum in 50 AM K+ is near -250 mV). Together, these features compensate for the voltagelimited response of the pump (Fig. 3 Inset) and introduce a voltage-dependent, kinetic "valve" on net H' export. As the cytoplasmic acid load rises and Vm increases (inside negative) with H+-pump activity, both total current circulation through the membrane and the proportion of that current associated with net H+ export increase (compare leak and symport profiles, Figs. 4 and 5 Fig. 4 ; also ref. 19 ). Kinetic sensitivity to pHi would compromise any role of the symport in pHi homeostasis.
It is important now to examine whether, in K+-replete cells, the symport is activated under acid stress. The previous study (4) of Neurospora during acid-loading implicated a pHi-mediated and time-dependent change in the leak conductance. At the time, demonstrating transport-dependent recovery from acid stress was not possible, and high-affinity K+ transport was not suspected. Leakage of organic acid anions out of the cell to balance charge movement through the pump was the favored explanation, but in retrospect activation of K+-H+ cotransport is conceivable. Similarities in the conductance-voltage profiles for pump and symport mean that the latter might have been mistakenly attributed to the pump in curve fitting.
